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Abstract - The CRP-2/2A core, drilled in western McMurdo Sound in October and November 
9 9 8 ,  penetrated 624 m of Quaternary. Pliocene, lower Miocene. and Oligocene glacigcnic 
sediments. The palaeoclimatic record of CRP-2/2A is examined using major element analyses 
of bulk core samples of fine grained sedirnents (mudstones and siltstones) and the Chemical 
Index of Alteration (CIA) of Nesbitt & Young (1982). The CIA is calculated from the relative 
abundances of AI, K, Ca, and Na oxides, and its magnitude increases as the effects of chemical 
weathering increase. However, changes in sediment provenance can also affect the CIA. and 
provenance changes are recorded by shifts in the Al,O,/TiO, ratios and the Nb contents of these 
CRP-2/2A mudstones. 
Relatively low CIA values (40-50) occur throughout the CRP-2/2A sequence, whereas the 
Al,O/TiO,ratio decreases upsection. The major provenance change is an abrupt onset of McMurdo Volcanic Group detritus 
at -300 mbsf and is best characterized by a rapid increase in Nb content in the sediments. This provenance shift is not evident 
in the CIA record, suggesting that a contribution from the Ferrar Dolerite to the older sediments was replaced by an input 
of McMurdo Volcanic Group material in the younger sediments. If this is true, then the relatively uniform CIA values 
indicate relatively consistent palaeoweathering intensities throughout the Oligocene and early Miocene in the areas that 
supplied sediment to CRP-2/2A. 
INTRODUCTION 
TheCape Roberts Project is a multinationalcooperative 
drilling project, designed to use sediment cores as the basis 
for reconstructing the tectonic and climatic histories of the 
western side of McMurdo Sound and the adjacent portion 
of East Antarctica for the period from 30 Ma to 
approximately 100 Ma. The scientific rationale for this 
work, as well as the technical and logistical details of the 
project, have been presented by Barrett & Davey (1992), 
International Steering Committee (1994), Barrett (1997), 
and Cape Roberts Science Team (1999). 
One goal of the Cape Roberts Project is to reconstruct 
the palaeoclimatic history of the western Ross Sea region, 
so biological and inorganic indicators of palaeoclimate are 
being examined by a number of the post-drilling studies 
discussed in this volume. The objective of this paper is to 
discuss the record provided by one such indicator, the 
Chemical Index of Alteration (CIA) of Nesbitt & Young 
(1982). The CIA is calculated from the major element 
geochemistry of bulk sediment samples, and was originally 
proposed as a means to quantify the extent to which 
sediments have experiencedchernical weathering. Because 
the CIA can be affected by changes in the provenance of 
the sediment, independent of changes in weathering 
intensity, the A120JTi02 ratio and the Nb content are also 
considered as independent records of sediment provenance. 
A similar approach was used by Ksissek & Kyle (1998, 
1999) to examine the records of palaeoweathering and 
sediment provenance at CRP- 1 and CIROS- 1. 
In this paper we present an extensive set of major and 
trace element analyses of over 100 bulk core samples of 
mudstones and siltstones. The major element analyses 
are used to examine the stratigraphic record of CIA 
values in samples from CRP-212A. Only minor reference 
is made to the trace element analyses to examine the 
sediment provenance and detailed examination of these 
data will be made in subsequent publications. The CIA 
values suggest that chemical weathering effects were 
significantly and consistently low during the Oligocene 
and early Miocene, as would be expected in a glacially 
dominated environment. However, the sediment 
provenance during this time also affected the major 
element geochemistry and, therefore, the CIAs of 
these sediments. In particular, sediment supply from 
McMurdo Volcanic Group introduced material whose 
unweathered composition produces anomalously low 
CIAs. As a result, more definitive interpretations of the 
palaeoweathering history contained in CRP-212A will be 
available only after detailed mixing model studies have 
been performed to remove the effects of changing sediment 
provenance. 
BACKGROUND OF GEOCHEM1CAL 
INDICATORS USED 
The CIA is calculated as 
where the elemental abundances are expressed as molar 
proportions, and CaO* represents the CaO contained only 
in the silicate fraction. The CIA is generally used to 
provide an indication of the relative abundances of 
"unweathered" material and chemical weathering products; 
{lie "unweathered materials of particular interest are the 
feldspars, which are common and contain relatively mobile 
Ca, Na, and K, whereas the chemical weathering products 
of particular interest are the Al-rich clays. However, the 
CIA of a sample can also be affected by the grain size of 
the sample and by the provenance of the sediment, as 
discussed in more detail below. 
The CIA of a sediment increases as the extent of 
chemical  weathering increases,  from values of 
approximately 50 for "unweathered" feldspar-rich rocks 
to values near 100 for highly weathered, kaolinite- o1- 
gibbsite-rich sediments. CIA values for "average" shales. 
dominated by illite, range from 70 to 75 (Young & Nesbitt, 
1998). The CIA value for a sediment also tends to increase 
as grain size decreases, because clay minerals are 
preferentially enriched in the finest grain sizes. As a 
result, the CIA was originally proposed for use with true 
shales or "lutites" (Nesbitt & Young, 1982). In a sequence 
where true shales are rare, such as the section cored at 
CRP-2/2A, care must be taken to consider the potential 
effect of grain size variations on stratigraphic trends in the 
CIA. The provenance effect is particularly important if 
sediment provenance changed significantly during 
deposition of a stratigraphic sequence, and if any of the 
potential sediment sources has an unusual geocheniical 
composition. Such aprovenance effect must be considered 
for CRP-2/2A because potential source rocks include two 
basic igneous units, the McMurdo Volcanic Group and the 
Ferrar Dolerite, whose bulk geochemistries produce CIA 
values lower than the CIAs of unweathered feldspar. 
The A120JTi0, ratio of a sediment can serve as a 
preliminary indicator of that sediment's source rock 
composition (Nesbitt, 1979; Young & Nesbitt, 1998) for 
two reasons: 1) the ratio varies markedly in primary 
igneous rocks, from approximately 10 for basalts and 
gabbros to approximately 47 for granites (LeMaitre, 1976), 
and 2) A1 and Ti are both considered to be relatively 
immobile under most weathering regimes. Trace element 
abundances can also serve as valuable indicators of 
sediment provenance because trace elements are also 
relatively immobile during weathering, and because trace 
element abundances can vary significantly between two 
igneous or metamorphic bodies with relatively similar 
major element compositions (e .g . ,  two granites can have 
significantly different trace element compositions). In 
this study, concentrations of the trace element Nb are used 
to identify the relative importance of input from the 
McMurdo Volcanic Group, a potential source rock with 
elevated Nb contents. 
1VIAIKR1Al ,S AND METHODS 
In this study line grained samples were aiiiiIy/ed l'or 
major and traceelements by x-ray fluorescence (XRI-') and 
instrumental neutron activation analysis (INAA ) (Tali. I ). 
Most of the analysed samples were bulk core collc~cfi.~l 
from the finest grained litliologies (mudstones iiinl 
siltstones) and taken at approximately 5-m intervals from 
17 to 624 msbf. Six of the samples were a split o f  llu- 
<63pm size fraction remaining after fortiniini l'ci.ii 
processing. 
The XRF and INAA analyses were n~acle at New 
Mexico Tech, using procedures similar to those described 
by Hallett and Kyle (1 993) with someminormocli l'ic;if ions. 
Major elements and S and Cl were analyzed on 104 
samples using glass disks formed by fusing 1 gram of 
sample with 6 grains of a lithium, borate flux (35.IW 
lithium tetraborate, 64.7% lithium metaborate) in  a 95%l'1/ 
5%Aucrucible at 1 100Â°C Traceelements wereclctennined 
on 98 samples by XRF (V, Cr, Ni, Cu, Zn, Ga, As(X). Rh, 
Ss, Y, Zr, Nb, Pb, Tll(X), U(X)) using pressed powder 
samples (Norrish &Chappell, 1977) andon 63 samples by 
INAA (Sc, As(I), Ba, La, Ce. Sm,  EL^, Tb, Yb ,  Lu. T;i. 
Th(I), U(1)). A number of elements were measured by 
both XRF and INAA and showed excellent agreement. 
For elements As, Th and U both the XRF (X) and INAA 
(I) are listed (Table l), because the INAA data arc more 
precise. However, only 63 samples were analysed by 
INAA, so the XRF data are more complete. The XRF was 
calibrated using a wide variety of well-analyzcd rock 
standards. Several rock standards were used to monitor the 
analytical precision, and proficiency tests administered by  
the International Association of Geoanalysts provide data 
on theanalytical accuracy. FortheINAA analyses between 
120 and 250 mg of samples was sealed in polypropylenc 
vials and irradiated for 7 to 12 hours at the Nuclear Science 
Center, Texas A&M University. The activated samples 
were counted at New Mexico Tech using two high purity 
Ge detectors (25% efficient, 1.85keV resolution at 1332 
keV) at various intervals following an initial 5 days of 
decay. National Institute of Standards and Technology 
(NIST) fly ash standard reference material (SRM) 16331 
was used to calibrate the INAA data (Hallett and Kyle, 
1993). Various rock standards were run as checks on the 
accuracy and precision of the INAA data (these data are 
available on request from P. Kyle). 
The primary goal of this paper is to examine the CIA 
index, so no attempt is made here to examine all of the 
major and trace element data from CRP-2/2A. All the data 
are listed in Table 1 so as to be useful to ~the~investigators.  
The A120,, TiO, and Nb analyses are used here in a 
preliminary effort to evaluate the effect of sediment 
provenance changes on the CIA record from CRP-2/2A. 
As a reminder, the CIA is calculated as 
CIA = [%0,/(403 + CaO +Nap  + K,O)] X 100 
where the elemental abundances are expressed as molar 
proportions, and CaO* represents the CaO contained only 
in the silicate fraction. For these samples, the CaO content 
of the silicate fraction is assumed to equal the CaO content 
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of thebu 11, sample; i.e., biogenic and diagenetic carbonates 
and biop-nic apatite are assumed to contribute little or 
CaO to the bulk sample. The CaO contributions from 
biogenic ;md diagenetic carbonates are judged to be low 
because "loss-on-ignition" (LOI) values for this sample 
set are r r l i i ~  i vely low and fairly uniform between samples 
(Tab. 1 ) .  Samples analyzed by Dietrich et al. (this vol.) 
contain u p  10 3% carbonate above 300 mbsf and up to 8- 
3 % carbonate below 300 mbsf. However, the majority of 
this carl-ionate is diageenetic and is distributed very 
irregularly through the core (as indicated by downhole 
logging results; Brink et al., this vol), so the low L01 
values remain the best indicators of low CaO contributions 
from carbonates in this dataset. CaO contents also have 
been corrected for a contribution from biogenic apatite in 
some oilier studies (e.g., Fedo et al., 1995) by assuming 
that all P705 is present as biogenic apatite. Such a correction 
has not been made for the CRP-212A samples because the 
P 7 0 5  is uniformly low (<0.2 wt % below 300mbsf and 
<0.4 wk. % between 0 and 300 mbsf), and because the 
McMurdo Volcanic Group is a potential source rock and 
is usually enriched in P20j.  The small variations in P705 
in the upper 300 meters of the core are undoubtedly due to 
varying amounts of McMui-do Volcanic Group detritus, 
which is clearly shown by elevated levels of Nb (Tab. 1) 
and is discussed further below. 
Because a detailed age-depth model is not presently 
available for CRP-2/2A, the CIA, Al70,/TiO2 and Nb 
profiles are plotted as a function of subb6ttom depth (Figs. 
1, 2 and 3). 
DATA AND RESULTS 
The complete data set, the calculated CIAs, and the 
calculated AlO-,ITiO, ratios for the 104 samples from 
CRP-212A are presented in table 1. 
The stratigraphic profile of CIA values for CRP-212A 
is presented in figure 1. CIAs generally range between 40 
and 50. The CIAs decrease slightly upsection, from an 
average value of 47 for the lower Oligocenelupper 
Eocene(?) (624-443 mbsf) to average values of 44,45, and 
44 for the Oligocene (443-307 mbsf), upper Oligocene 
(307-130 mbsf), and lower Miocene (130-28 n~bsf), 
respectively. The range of CIAs also decreases upsection, 
most notably within the upper Oligocene section. 
O n  first examination, the low CIA values throughout 
the CRP-212A profile suggest that this site consistently 
received sediment that had undergone little or no chemical 
weathering during the Oligocene and the early Miocene. 
This interpreted input of unweathered or weakly weathered 
material is in agreement with the importance of glacigenic 
lithofacies throughout CRP-212A. However, the fact that 
CIA values for CRP-212A are consistently less than 50, 
which is the value cited for unweathered feldspar by 
Nesbitt & Young (1982), indicates that primary phases 
with higher original KIA1, CaIAl, or NdAl ratios than 
those found in feldspars must be present. As a result, the 
possible effects of provenance changes on this profile 
must be considered, because the upsection decrease in 
CIAs at CRP-212A could be produced either by a decrease 
in the amount of weathering or by an increase in the 
relative importance of material whose low "apparent 
CIA" is independent of its weathering history. 
Roscr & Pyne (1989) summarized the representative 
geocl~emical compositions of six source rock types thought 
to  have supplied sediment to CIROS- 1 ; because CRP-2/ 
2A and CIROS-1 are located only 70 km apart and are in 
similar geologic settings, similar source rock types can b e  
expected to have supplied sediment to CRP-212A. As a 
result. the source rockcompositions summarized by Roses 
& Pyne (1989) are used here to examine the potential 
effects of provenance changes on the CIA record at CRP- 
212A. The six potential source rock types are: 1) basement 
rocks (e.g., granitoids of Feisar Valley), 2) lower Beacon 
Supergroup sediments (Weller Coal Measures through the 
Windy Gully Sandstone), 3) Felsar Dolerite, 4) McMurdo 
Volcanic Group basanites, 5) McMurdo Volcanic Group 
tracliybasalts to trachytes, and 6) Lashly Formation 
sediments. Selected major element oxide abundances for 
these six source rock types are listed in table 2, together 
with the resulting CIAs and A170JTi02 ratios. 
The relative importance of these sediment sources to  
deposition at CRP-212A did change from the early 
Oligocenellate Eocene(?) to the early Miocene, as indicated 
by the stratigraphic profile of A1703/Ti0, ratios (Fig. 2). 
The Al^OJTiO; ratios at CRP-272~ decrease upsection, 
averaging 19,17,17, and 14 for the lower Oligocenelupper 
Eocene(?) (624-443 mbsf), Oligocene (443-307 mbsf), 
upper Oligocene (307-130 mbsf), and lower Miocene 
(130-28 mbsf) sections, respectively. The AlO/TiO, 
ratio decreases just below 300 mbsf, and also becomes 
morevariable upsection. Comparing the A1703/Ti07 values 
of the potential source rock types, listed in table 2, to the 
CRP-212A profile indicates that the sediments above 
-300 mbsf must contain McMurdo Volcanic Group 
detritus, which has a low A120,/Ti07 ratio. Concentrations 
of the trace element Nb are an evenbetter indicator of the 
presence of McMurdo Volcanic Group detritus in the core, 
and the Nb data (Fig. 3) suggest that such detritus is absent 
below 300 mbsf. These observations are consistent with 
provenance shifts that were recognized previously at 350- 
280 mbsf in the sand fraction, the clast population, and the 
bulk quartzlfeldspar contents of CRP-212A (Cape Roberts 
Science Team, 1999), and that have been defined in more 
detail by post-drilling studies (heavy mineral assemblages 
(Polozek, this vol.), lonestone clast type (Talarico et al., 
this vol.), whole-rock geochemistry (Bellanca et al., this 
vol.; Armienti et al., this vol.), sand composition (Smellie, 
this vol.), and fine fraction mineralogy (Ehrmann, this 
vol.; Neumann & Ehrmann, this vol.)). Taken together, 
these indicators record a shift from older sediments 
dominated by Felsar Dolerite and Beacon Supergroup 
components to younger sediments derived more from the 
crystalline basement and the McMurdo Volcanic Group. 
This upsection shift from Ferrar Dolerite and Beacon 
Supergroup detritus to crystalline basement input appears 
to record long-term uplift and erosion of the Transantarctic 
Mountains, whereas the influx from the McMurdo Volcanic 
Group was controlled by the timing of McMurdo Volcanic 
Group activity. 
The input of McMurdo Volcanic Group detritus above 
Tab. I - Elemental abundances, loss-on-ignition (LOI), total analyzed abundances, CIA values, and Al-oxide/Ti-oxide ratios for samples from CRP-212A. '-/I c 
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Ta~li. I - Continued. 
Sample Si02 Ti02 AI203 Fe203 MnO MgO CaO Na20 K20  P205 L.O.I. SUM CIA AIITiratic S Cl Sc V Cr Ni Cu Zn Ga 
m.  
14.43 91 49 26 21 36 9 .d 2 
I l l  59 24 28 53 12 P -
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Smoothed CRP212A CIA 
20 40 60 
Fig. 1 - CIA profile for CRP-2/2A, smoothed with a 5-point moving 
average and plotted vs. subbottom depth. Note slight decrease in CIA 
values upsection. 
Smoothed CRP212A AI-oxide1Ti-oxide 
CRP212A Nb (ppm) 
Fig. 3 - Nb concentrations with depth in CRP 212A cores. The sharp iind 
rapid increase at -300 mbsf clearly marks the incoming of McMuri.lo 
Volcanic Group detritus. 
unweatheredintei~nediateMcMurdoVolca~c Group material 
is approximately the same as the CIA for unweathercd Fcn'ar 
Dolerite. As a result, the replacement of a Ferrar Dolcritc 
component by McMurdo Volcanic Group detritus at -300 
rnbsf would lower the A1203/Ti02 ratio and increase the Nb 
contents without producing asignificant CIA decrease. Testing 
this hypothesis will require more detailed compositional 
modeling to remove the overprint of provenance changes 
from the CIA record; if this hypothesis is correct, however, 
then the relatively uniform CIA profile indicates relatively 
consistent palaeoweathering intensities throughout the 
Oligocene and theEarly Miocene in the sediment sources for 
CRP-212A. In contrast, clay mineral data (Ehrrnann, this vol.; 
Setti et al., this vol.) have been interpreted as showing that 
enhanced chemical weathering influenced the sediments 
below approximately 490 mbsf in CRP-212A. Such 
inconsistencies in the interpreted palaeoweathering history 
at CRP-212A may result from the preliminary nature of 
both the geochemical and the clay mineral studies, or may 
reflect differences in the sensitivities of the various 
palaeoweathering indicators. Regardless of their cause, 
these inconsistencies should be examined by additional, 
more detailed studies. 
Fig. 2 - Al,03/Ti0, ratio profile for CRP-212A. smoothed with a 5-point 
moving average and plotted vs. subbottom depth. 
SUMMARY AND CONCLUSIONS 
300 n~bsf might also be expected to affect the CIA profile, 
but CIA values do not change significantly above that 
level (Fig. 1). As listed in table 2, the CIA values for 
unweathered McMurdo Volcanic Group material are low 
compared to the CIA values for the basement rocks and the 
Beacofiashly sediments. However, the CIA value for 
The major provenance change recorded at CRP-212A 
is a rapid onset of a McMurdo Volcanic Group component 
above -300 mbsf. This provenance change is not apparent 
in the CIA profile, however, which shows relatively 
uniform values throughout CRP-212A. The CIA profile 
would have been unaffected by this provenance change if 
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Tab. 2 - Selrclcd gcocliemical data lor CIROS-1 sediment source rocks (l'roni Roscr fv Pync. 19SOj. 
Source Rock p"-".-.. SiO, Al,O- T i 0 ,  IA ALO /TiOi 
Basemcni 65.25 16.14 0.72 3.88 3.63 3.69 0.17 48.7 22.4 
Lower  Bciicon 89.73 5.7 0.24 0.68 0 .2  l .44 0.02 64.6 23.8 
Ferrar Dolcrite 57.17 15.83 0.83 8.67 2.65 1.28 0.1 1 42.4 19.1 
McMurdo Volcanic 42.69 13.83 3 .82  10.78 3.53 l .49 0.86 33.9 3.6 
Group  (basic) 
McMimlo Volcanic 52.76 19.1 1.73 5.06 7.23 3.86 0.58 4 3  11 
Group  (intermediate) 
Lashly Formation 77.86 12.7 0 .53  1 .06  l .72 2.26 0.03 63.7 2 4  
an older supply of Ferrar Dolerite material was replaced 
by a younger supply derived from intermediate McMurdo 
Volcanic Grouprocks. If this interpretation is correct, then 
the relatively uniform CIA profile indicates relatively 
consistent palaeoweathering intensities throughout the 
Oligocenc and early Miocene in the sediment sources for 
CRP-212A. A more detailed interpretation of the 
palaeoweathering and palaeoclimatic component of the 
CIA record, however, will only be possible after the 
overprint of provenance changes has been removed using 
mixing models and comprehensive trace element analyses. 
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